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ABSTRACT 
This paper summarizes the structural analysis 
technologies and activities o f  the NASA Lewis Research 
Center's gas turbine engine Hot Section Technology 
(HOST) program. The technologies synergistically 
developed and validated include: 
mechanical load models; component-specific automated 
geometric modeling and solution strategy capabilities; 
advanced inelastic analysis methods; inelastic consti- 
tutive models; high-temperature experimental techniques 
and experiments; and nonlinear structural analysis 
codes. Features of the program that incorporate the 
new technologies and their application t o  hot section 
component analysis and design are described. 
and, in some cases, first-time three-dimensional non- 
linear structural analyses of hot section components 
of isotropic and anisotropic nickel-base superalloys 
are presented. 
time-varying thermal/ 
Improved 
INTRODUCTION 
Hot section components of aircraft gas turbine 
engines are subjected to severe thermal-structural 
loading conditions during the engine mission cycle. 
The most severe and damaging stresses and strains are 
those induced by the steep thermal gradients which 
occur during the startup and shutdown transients. 
The transient, as well as steady state, stresses and 
strains are difficult to predict, in part, because the 
temperature gradients and distributions are not well 
known or readily predictable and, in part, because 
the cyclic elastic-viscoplastic behavior of the mate- 
rials at these extremes o f  temperature and strain are 
not well known or readily predictable. 
A broad spectrum of structures related technology 
programs has been underway at the NASA Lewis to address 
these deficiencies at the basic as well as the applied 
levels, with participation by industry and universities. 
One of these programs was the structures element of the 
turbine engine Hot Section lechnology (HOST) program. 
The structures element focused o n  three key technology 
areas: inelastic constitutive model development, 
three-dimensional nonlinear structural methods and 
code development, and experimentation t o  calibrate and 
validate the models and codes. These technology areas 
were selected not only because todays hot section com- 
ponent designs are materially and structurally diffi- 
cult t o  analyze with existing analytical tools, but 
because even greater demands will be placed on the 
analysis of advanced designs. It is the need for 
improved engine performance (higher temperatures, 
lower cooling flows). lower engine weight, and 
improved engine reliability and durability which will 
require advanced analytical tools and expanded experi- 
mental capabilities. 
Because materials used in today's turbine engine 
hot section components are operating at elevated 
temperature, time-independent (plastic) and time- 
dependent (creep and stress relaxation) material 
behavioral phenomena occur simultaneously, and these 
phenomena will be exacerbated in future component 
designs. Classical elastic-plastic theories, where 
creep and plasticity are uncoupled do not adequately 
characterize these interactive phenomena. These 
interactions are captured with inelastic (viscoplastic 
or unified) constitutive models. Under HOST, several 
viscoplastic models were developed for high-temperature 
isotropic and anisotropic nickel-base superalloys used 
in hot section components. These models were incorpo- 
rated in several nonlinear three-dimensional struc- 
tural analysis codes. 
The analysis demands placed on hot section compo- 
nent designs result not only from the use o f  advanced 
materials and their characterization, but also from 
the use of new and innovative structural design con- 
cepts. There is an obvious need t o  develop advanced 
computational methods and codes, with the focus o n  
improved accuracy and efficiercy, t o  predict nonlin- 
ear structural response of advanced component designs. 
Under HOST, improved time-varying thermal-mechanl cal 
load models for the entire engine mission cycle from 
startup to shutdown were developed. The thermal model 
refinements are consistent with those required by the 
structural codes, including considerations o f  mesh- 
point density, strain concentrations, and thermal gra- 
dients. An automated component-specific geometric 
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lnodel ing c a p a b i l i t y  which w i l l  produce th ree-d imens iona l  
f i n i t e  element models o f  the  h o t  s e c t i o n  components 
was a l s o  developed. 
Here developed and inc luded  t o  f a c i l i t a t e  the  se lec-  
t i o n  o f  a p p r o p r i a t e  elements, mesh s i zes ,  e t c .  New 
and improved non l i nea r  th ree-d imens iona l  s t r u c t u r a l  
a n a l y s i s  codes, i n c l u d i n g  temporal  e lements w i t h  t ime- 
dependent p r o p e r t i e s  t o  account f o r  creep e f f e c t s  i n  
the m a t e r i a l s  and components, were developed. A da ta  
t r a n s f e r  module was developed t o  a u t o m a t i c a l l y  t rans -  
f e r  temperatures from f i n i t e  d i f f e r e n c e  and f i n i t e  
element thermal a n a l y s i s  codes t o  f i n i t e  element 
s t r u c t u r a l  a n a l y s i s  codes. 
Essen t ia l  f o r  t he  c o n f i d e n t  use o f  these models 
and s t r u c t u r a l  a n a l y s i s  codes i n  the  a n a l y s i s  and 
des ign  of  h o t  s e c t i o n  components i s  t h e i r  c a l i b r a t i o n  
and v a l i d a t i o n .  Under HOST, exper imenta l  f a c i l i t i e s  
w e r e  upgraded and exper iments conducted t o  c a l i b r a t e  
and v a l i d a t e  the  models and codes developed. Unique 
u n i a x i a l  and m u l t i a x i a l  h igh- tempera ture  thermomechan- 
i c a l  t e s t s  were conducted. I n  a d d i t i o n ,  un ique t h e r -  
momechanical t e s t s  on sec t i ons  o f  conven t iona l  and 
advanced combustor l i n e r s  were conducted i n  t h e  S t ruc -  
t u r a l  Component Response r i g  a t  NASA Lewis.  Exten- 
s i ve ,  q u a l i t y  databases w e r e  generated. Advanced s t r a i n  
and temperature i n s t r u m e n t a t i o n  was a l s o  eva lua ted .  
Table I i s  a summary o f  t h e  c o n t r a c t s  and g ran ts  
t h a t  were an i n t e g r a l  p a r t  of t he  s t r u c t u r e s  element 
under HOST. The research  e f f o r t s  o f  t h e  g ran ts  and 
c o n t r a c t s ,  as w e l l  as in-house e f f o r t s ,  a r e  desc r ibed  
i n  the  Daper a long w i t h  the  most s i g n i f i c a n t  o f  the  
many accomplishments for each. F igu re  1 summarizes 
the  n o n l i n e a r  s t r u c t u r a l  a n a l y s i s  techno log ies  and 
a c t i v i t i e s  under HOST. 
Se l f -adapt ive  s o l u t i o n  s t r a t e g i e s  
I S O T R O P I C  NATERIAL MODELING 
Southwest Research I n s t i t u t e  Con t rac t  
s t r u c t u r a l  a n a l y s i s  of t u r b i n e  engine h o t  s e c t i o n  com- 
ponents under NASAIHOST c o n t r a c t  NAS3-23925, "Const i -  
t u t i v e  Model ing f o r  I s o t r o p i c  M a t e r i a l s "  (Chan e t  a l . ,  
1986). Dur ing  t h i s  p r o j e c t ,  two e x i s t i n g  models o f  
the  u n i f i e d  type  were developed f o r  a p p l i c a t i o n  t o  
i s o t r o p i c ,  cas t ,  n icke l -base a l l o y s  used for  a i r -  
coo led  t u r b i n e  blades and vanes. The two models a re  
those o f  Walker (1981). and o f  Bodner and Partom 
(1975).  Both models were demonstrated t o  y i e l d  good 
c o r r e l a t i o n  w i r h  exper imenta l  r e s u l t s  for  two a l l o y s :  
PWA a l l o y  B1900+Hf and MAR-M247. The exper imenta l  
c o r r e l a t i o n s  were made w i t h  t e s t i n g  under u n i a x i a l  and 
b i a x i a l  t e n s i l e ,  creep, r e l a x a t i o n ,  c y c l i c ,  and t h e r -  
momechanical l o a d i n g  c o n d i t i o n s  over  a range i n  s t r a i n  
r a t e s  and temperatures up t o  1100 "C. Also, bo th  
models were implemented i n  the  MARC n o n l i n e a r  f i n i t e  
element computer code w i t h  t e s t  cases r u n  f o r  a 
notched round t e n s i l e  specimen and an a i r f o i l  p o r t i o n  
o f  a t y p i c a l  coo led  t u r b i n e  b lade.  
Typ ica l  r e s u l t s  o f  thermomechanical s t r a i n  
c y c l i n g  o f  B1900+Hf m a t e r i a l  a r e  shown i n  F igs .  2 
and 3. I n  F i g .  2,  we show a s i n g l e  specimen c y c l e d  t o  
s a t u r a t i o n  a t  538 "C, a temperature i nc rease  to 982 "C 
w i t h  s a t u r a t e d  loops achieved a t  t h a t  temperature,  and 
a r e t u r n  t o  538 "C, a l l  under cons tan t  s t r a i n  range 
c o n t r o l .  Two observa t i ons  evidence absence o f  thermal 
h i s t o r y  e f f e c t .  The h igh- tempera ture  excu rs ion  
r e s u l t e d  i n  no  change i n  the  h y s t e r e s i s  l oop  a t  538 "C, 
and t h e  c y c l i c  s t r e s s  range assoc ia ted  w i t h  a g i ven  
c y c l i c  s t r a i n  was the  same under t h i s  t ype  o f  noniso- 
thermal h i s t o r y  as under s t r i c t l y  i so the rma l  c y c l i n g ,  
as shown i n  F i g .  3. Both types  of c y c l i n g  agree w i t h  
the  Bodner-Partom model p r e d i c t i o n  which i s  based on 
i so the rma l  d a t a  o n l y .  
U n i f i e d  c o n s t i t u t i v e  models were developed for 
A second example i s  t he  a n a l y s i s  of  an a i r f o i l  
o f  a t y p i c a l  cooled t u r b i n e  b lade .  S imu la t i ons  were 
run  i n  which a c l a s s i c a l  c r e e p - p l a s t i c i t y  model was 
compared w i t h  the  Walker and Bodner-Partom models for  
B1900+Hf m a t e r i a l .  The a i r f o i l  was exe rc i sed  th rough 
th ree  f u l l  f l i g h t  spec t ra  o f  t a x i ,  t ake  o f f ,  c l imb ,  
c r u i s e ,  descent,  t a x i ,  and shutdown. Computat ional  
e f f i c i e n c y  w i t h  the  u n i f i e d  models was as good o r  
b e t t e r  than w i t h  a more c l a s s i c a l  e l a s t i c p l a s t i c  
approach. The e f f e c t i v e  s t r e s s  versus s t r a i n  response 
a t  t he  a i r f o i l  c r i t i c a l  l o c a t i o n  i s  compared i n  F i g .  4 
for a l l  t h r e e  c o n s t i t u t i v e  models. The u n i f i e d  models 
y i e l d  v e r y  s i m i l a r  r e s u l t s  b u t  s u b s t a n t i a l l y  d i f f e r e n t  
f rom t h e  c l a s s i c a l  c r e e p - p l a s t i c i t y  model. Un fo r tu -  
n a t e l y ,  no  exper imenta l  r e s u l t s  a r e  a v a i l a b l e  or e a s i l y  
o b t a i n a b l e  f o r  t h i s  complex problem. 
I n  summary, the  program has demonstrated t h a t  f o r  
t he  c a s t  n icke l -base a l l o y s  s tud ied ,  B1900+Hf and 
MAR-M247, bo th  i so thermal  and non iso thermal  complex 
l o a d i n g  h i s t o r i e s  can be w e l l  p r e d i c t e d  u s i n g  t h e  u n i -  
f i e d  c o n s t i t u t i v e  model approach w i t h  a l l  necessary 
m a t e r i a l  cons tan ts  de r i ved  s o l e l y  from iso the rma l  t e s t  
da ta .  
The program has a l s o  demonstrated r a t h e r  conclu- 
s i v e l y  t h a t  the  u n i f i e d  c o n s t i t u t i v e  model concept i s  
a v e r y  powerful  tool for p r e d i c t i n g  m a t e r i a l  response 
i n  h o t  s e c t i o n  comcments under complex, t ime-vary ing ,  
thermomechanical l oad ings .  This conf idence i s  ga ined 
from ex tens i ve  c o r r e l a t i o n s  between two e x i s t i n g  
models and a l a r g e  base o f  exper imenta l  d a t a  cove r ing  
the  range i n  s t r e s s ,  s t r a i n  r a t e ,  and temperature o f  
i n t e r e s t .  The u n i f i e d  c o n s t i t u t i v e  models have a l s o  
been demonstrated t o  be c o m p u t a t i o n a l l y  e f f i c i e n t  when 
inco rpo ra ted  i n t o  a l a r g e  f i n i t e  element computer code 
(MARC). 
General E l e c t r i c  C o n t r a c t  
and v a l i d a t e d  for s t r u c t u r a l  a n a l y s i s  o f  t u r b i n e  
U n i f i e d  c o n s t i t u t i v e  models were a l s o  developed 
eng ine  h o t  s e c t i o n  components under NASA/HOST c o n t r a c t  
NAS3-23927, " C o n s t i t u t i v e  Mode l lng  for  I s o t r o p i c  Mate- 
r i a l s , "  (Ramaswamy, 1986). A s  p a r t  o f  t h i s  e f f o r t ,  
seve ra l  v i s c o p l a s t i c  c o n s t i t u t i v e  t h e o r i e s  were eva lu -  
a ted  a g a i n s t  a l a r g e  u n i a x i a l  and m u l t i a x i a l  d a t a  base 
on Ren6 80 m a t e r i a l ,  which i s  a c a s t  n i cke l -base  a l l o y  
used i n  t u r b i n e  b lade and vane a p p l i c a t i o n s .  
i t  was the  i n t e n t  to eva lua te  o n l y  a v a i l a b l e  t h e o r i e s ;  
however, i t  was found t h a t  no a v a i l a b l e  approach was 
s a t i s f a c t o r y  i n  model ing the  h i g h  temperature t ime  
dependent behav io r  o f  Ren6 80. A d d i t i o n a l  cons idera-  
t i o n s  i n  model development i nc luded  the  c y c l i c  so f ten -  
i n g  behav io r  o f  Ren6 80, r a t e  independence a t  lower 
temperatures,  and t h e  development o f  a new model f o r  
s t a t i c  recovery .  These cons ide ra t i ons  were incorpo-  
r a t e d  i n  a new c o n s t i t u t i v e  model which was imple- 
mented i n t o  a f i n i t e  element computer code. The code 
was developed as a p a r t  o f  the  c o n t r a c t  s p e c i f i c a l l y  
f o r  use w i t h  u n i f i e d  t h e o r i e s .  The code was v e r i f i e d  
by a r e a n a l y s i s  o f  the  t u r b l n e  t i p  d u r a b i l i t y  problem 
which was p a r t  o f  the  pre-HOST a c t i v i t i e s  a t  General 
E l  ec tr i c . 
Typ ica l  of the  many r e s u l t s  ob ta ined  from t h i s  
e f f o r t  a r e  t h e  m u l t i a x i a l  thermomechanical comparisons 
shown i n  F igs .  5 and 6. F igu re  5 shows t h a t  t he  new 
theo ry  can p r e d i c t  90" out-of-phase t e n s i o n l t o r s i o n  
exper imenta l  r e s u l t s  a t  e leva ted  temperature w i t h  good 
accuracy.  F igu re  6 shows a comparison o f  p r e d i c t i o n  
w i t h  exper imenta l  da ta  from combined temperature and 
s t r a i n  c y c l i n g  t e s t s .  There i s  reasonab ly  good agree- 
ment between p r e d i c t i o n s  and exper iment cons ide r ing  
the  p r e d i c t i o n s  a re  based o n l y  on i so the rma l  da ta .  
I n i t i a l l y ,  
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The t h e o r y  was implemented i n t o  a new th ree -  
dimensional  f i n i t e  element code which uses a 20-noded 
b r i c k  element.  The program uses a dynamic t ime  i n c r e -  
ment ing  procedure  t o  min imize  c o s t  w h i l e  guarantee ing  
an accu ra te  s o l u t i o n .  The i n e l a s t i c  r a t e  equa t ions  
and s t a t e  v a r i a b l e  e v o l u t i o n  equat ions  a r e  i n t e g r a t e d  
us ing  a second o r d e r  Adams-Moulton p r e d i c t o r  co r rec -  
tor techn ique.  Piecewise l i n e a r  l oad  h i s t o r i e s  a re  
mode l led  i n  o r d e r  t o  s i m p l i f y  i n p u t .  F u r t h e r  econom- 
i c s  have been achieved by improv ing  the  s t a b i l i t y  o f  
the i n i t i a l  s t r a i n  method and f u r t h e r  reduc ing  the  
number o f  e q u i l i b r i u m  i t e r a t i o n s .  
I n  summary, a new m u l t i a x i a l  c o n s t i t u t i v e  model 
which can r e p r e s e n t  t h e  complex n o n l i n e a r  h i g h  temper- 
a t u r e  behav io r  o f  Ren6 80 was developed. 
was e x t e n s i v e l y  v e r i f i e d  based on da ta  a t  seve ra l  t e m -  
pe ra tu res .  The thermomechanical p r o p o r t i o n a l  and non- 
p r o p o r t i o n a l  c y c l i c  mode l ing  c a p a b i l i t i e s  o f  t h e  model 
were demonstrated. The model was implemented i n  a 
th ree-d imens iona l  s t r u c t u r a l  a n a l y s i s  f i n i t e  element 
code and a t u r b i n e  b lade was analyzed. 
The model 
U n i v e r s i t y  o f  Akron Grant 
Many v i s c o p l a s t i c  c o n s t i t u t i v e  models for  h igh-  
tempera ture  s t r u c t u r a l  a1 loys a r e  based e x c l u s l v e i y  on 
u n i a x i a l  t e s t  da ta ,  as p r e v i o u s l y  d iscussed.  General-  
i z a t i o n  t o  m u l t i a x i a l  s t a t e s  o f  s t r e s s  i s  made by 
assuming t h e  s t r e s s  dependence t o  be on t h e  second 
p r i n c i p a l  I n v a r i a n t  (J2)  of the  d e v i a t o r i c  s t r e s s ,  
f r e q u e n t l y  c a l l e d  t h e  " e f f e c t i v e "  s t r e s s .  T e s t i n g  
o t h e r  than u n i a x i a l ,  e.g. ,  shear, b i a x i a l ,  e t c . ,  i s  
g e n e r a l l y  done i n  t h e  s p i r i t  o f  v e r i f i c a t i o n  t e s t i n g ,  
n o t  as p a r t  of t h e  d a t a  base o f  t he  model. I f  such 
a J2 theo ry ,  based on u n i a x i a l  t e s t i n g ,  i s  c a l l e d  
upon t o  p r e d i c t  behav io r  under c o n d i t i o n s  o t h e r  than 
u n i a x i a l ,  say pure  shear,  and i t  does so p o o r l y ,  noth- 
i n g  i s  l e f t  t o  a d j u s t  i n  t h e  theo ry .  The e x c l u s i v e  
dependence on J2 must be ques t ioned.  For a f u l l y  
i s o t r o p i c  m a t e r i a l  whose i n e l a s t i c  de fo rma t ion  behav- 
ior  i s  r e l a t i v e l y  independent o f  h y d r o s t a t i c  s t r e s s ,  
t he  most genera l  s t r e s s  dependence i s  on t h e  two (non- 
zero)  p r i n c i p a l  i n v a r i a n t s  o f  t h e  d e v i a t o r i c  s t r e s s ,  
J2 and J3. These i n v a r i a n t s  c o n s t i t u t e  what i s  
known as an i n t e g r i t y  b a s i s  f o r  t h e  m a t e r i a l .  
Under NASA Grant  NAG3-379. " A  M u l t i a x i a l  Theory 
o f  V i s c o p l a s t l c i t y  for  I s o t r o p i c  M a t e r i a l s , "  
(Robinson, 1984) a time-dependent d e s c r i p t i o n  poten- 
t i a l  f u n c t i o n  based on c o n s t i t u t i v e  t h e o r y  w i t h  s t r e s s  
dependence on J2  and J3 t h a t  reduces t o  a known 
J2 t h e o r y  as a s p e c i a l  case was developed. The char-  
a c t e r i z a t i o n  of v i s c o p l a s t i c i t y  can be made l a r g e l y  on 
u n i a x i a l  t e s t i n g  b u t  t he  " s t r e n g t h "  o f  the  J3 depend- 
ence must be de termined by t e s t i n g  o t h e r  than un iax-  
i a l ,  e .g . ,  pu re  shear.  
Several  c a l c u l a t i o n s  have been made u s i n g  forms 
of  t he  f u n c t i o n s  i n  the  model and assoc ia ted  m a t e r i a l  
parameters t h a t  a r e  t y p i c a l  o f  f e r r i t i c  chrome-based 
and a u s t e n i t i c  s t a i n l e s s - s t e e l  a l l o y s .  Q u a l i t a t i v e l y  
s i m i l a r  r e s u l t s  can be expected for  n icke l -based 
a l l o y s .  F i g u r e  7 shows p r e d i c t e d  h y s t e r e s i s  loops  
over  a cons tan t  s t r a i n  range (Ac = 0.6 pe rcen t )  and 
s t r a i n  r a t e  ( E  = 0.001/m). The curve  l a b e l e d  "un iax-  
i a l "  can be though t  of as hav ing  been c a r e f u l l y  f i t  on 
the  b a s i s  o f  u n i a x i a l  da ta .  P r e d i c t i o n s  o f  pure  shear 
response a r e  a l s o  shown, cor respond ing  t o  d i f f e r e n t  
va lues  o f  C. A J2, J3 t h e o r y  reduces t o  a J2 
t h e o r y  for C = 0. Even a f t e r  t ed ious  f i t t i n g  o f  u n i -  
a x i a l  c y c l i c  da ta ,  i f  the  shear p r e d i c t i o n  does n o t  
c o r r e l a t e  w e l l  w i t h  shear da ta ,  n o t h i n g  can be done i n  
a 32 t h e o r y  s h o r t  o f  compromising t h e  u n i a x i a l  cor -  
r e l a t i o n s .  The p resen t  J2, J3 theo ry  a l l o w s  some 
f l e x i b i l i t y  i n  a c c u r a t e l y  p r e d i c t i n g  response o t h e r  
than u n l a x i a l  th rough t h e  parameter C .  Note t h a t  the  
h y s t e r e s i s  l oop  l a b e l e d  C = 10 i n d i c a t e s  a c y c l i c  
response t h a t  i s  about  20  p e r c e n t  s t ronger  than the  
J2 response ( C  = 0). 
F i g u r e  8 shows p r e d i c t i o n s  o f  c reep response, 
i . e . ,  behav io r  under cons tan t  s t r e s s .  Here, t he  
s t r a i n - t i m e  curve  l a b e l e d  " u n i a x i a l  and shear C = 0" 
rep resen ts  b o t h  t h e  u n i a x i a l  response ( u s i n g  t h e  
s t r a i n  s c a l e  on t h e  l e f t )  and t h e  shear response f o r  
a J2 m a t e r i a l  ( u s i n g  t h e  s t r a i n  s c a l e  on t h e  r i g h t ) .  
Each shear response cor respond ing  t o  a p a r t i c u l a r  
va lue  o f  C i s  to be measured u s i n g  t h e  r i gh t -hand  
shear s t r a i n  sca le .  I n  creep, t he  e f f e c t  o f  t he  J3 
dependence appears t o  be more pronounced than f o r  
s t r a i n  c y c l i n g .  Here, for  C = 10 t h e  c reep s t r a i n  
a f t e r  100 h r  d i f f e r s  by a f a c t o r  o f  2 f r o m  t h a t  f o r  
t he  J2 response ( C  = 0) .  
ANISOTROPIC MATERIAL MODELING 
u n i v e r s i t y  o f  Connec t i cu t  Grant  
under development by t u r b i n e  manufac turers  for  a 
number o f  years .  Success fu l  a t tempts  have now been 
made under g r a n t  NAG3-512, " C o n s t i t u t i v e  Mode l ing  o f  
S i n g l e  C r y s t a l  and D i r e c t i o n a l l y  S o l i d i f i e d  Supera l -  
l o y s , "  (Walker,  and Jordan, 1987) t o  model t h e  defor-  
mat ion  behav io r  o f  these m a t e r i a l s  based on b o t h  a 
macroscopic c o n s t i t u t i v e  model and a micromechanical  
f o r m u l a t i o n  based on c r y s t a l l o g r a p h i c  s l i p  t h e o r y .  
These models have been programmed as FORTRAN subrou- 
t i n e s  under c o n t r a c t  NAS3-23939 t o  P r a t t  and Whitney 
and i n c l u d e d  i n  t h e  MARC n o n l i n e a r  f i n i t e  element pro- 
gram. They a re  c u r r e n t l y  be ing  used t o  s i m u l a t e  
thermal/mechanical  l o a d i n g  c o n d i t i o n s  expected a t  t h e  
" f a t i g u e  c r i t i c a l "  l o c a t i o n s  on a s i n g l e  c r y s t a l  (PWA 
1480) t u r b i n e  b lade .  Such ana lyses  fo rm a n a t u r a l  
p r e c u r s o r  to t h e  a p p l i c a t i o n  o f  l i f e  p r e d i c t i o n  
methods t o  gas t u r b i n e  a i r f o i l s .  
i o r  o f  s i n g l e  c r y s t a l  m a t e r i a l s  l i e s  i n  t h e i r  an iso-  
t r o p i c  behav io r .  Two separa te  u n i f i e d  v i s c o p l a s t i c  
c o n s t i t u t i v e  models f o r  monocrys ta l  PWA 1480 have been 
comp le te l y  fo rmu la ted .  I n  one model, t he  d i r e c t i o n a l  
p r o p e r t i e s  o f  t he  i n e l a s t i c  de fo rma t ion  behav io r  a r e  
ach ieved by r e s o l v i n g  t h e  summed C r y s t a l l o g r a p h i c  s l i p  
system s t resses  and s t r a i n s  o n t o  the  g l o b a l  c o o r d i n a t e  
system. I n  the  o t h e r  model, t he  , -equ i red  d i r e c t i o n a l  
p r o p e r t i e s  a r e  achieved by o p e r a t i n g  on the  g l o b a l  
s t resses  and s t r a i n s  d i r e c t l y  w i t h  f o u r t h  rank  an iso-  
t r o p y  tenso rs .  The c r y s t a l l o g r a p h i c  s l i p  based model 
i s  more accu ra te  and has more p h y s i c a l  s i g n i f i c a n c e  
than t h e  macroscopic model, b u t  i s  more computat ion- 
a l l y  i n t e n s i v e  than i t s  macroscopic c o u n t e r p a r t .  
The m a t e r i a l  cons tan ts  i n  b o t h  models can be 
o b t a i n e d  from u n i a x i a l  t e s t s  on ~ 0 0 1 )  and < 1 1 1 >  
o r i e n t e d  u n i a x i a l  specimens, o r  from u n i a x i a l  and t o r -  
s i o n  t e s t s  on <001> o r i e n t a t e d  t u b u l a r  specimens. 
Both models ach ieve  good c o r r e l a t i o n  w i t h  the  e x p e r i -  
mental  d a t a  i n  t h e  too l>  and < 1 1 1 >  co rne rs  o f  the  
s te reograph ic  t r i a n g l e ,  and bo th  models c o r r e c t l y  p re-  
d i c t  t h e  de fo rma t ion  behav io r  o f  specimens o r i e n t a t e d  
i n  t h e  <011> d i r e c t i o n .  The t e n s i o n - t o r s i o n  t e s t s  on 
t u b u l a r  specimens o r i e n t a t e d  i n  t h e  <001> d i r e c t i o n  
were c a r r i e d  o u t  a t  a tempera ture  o f  870 "C (1600 O F )  
a t  t h e  U n i v e r s i t y  o f  Connec t i cu t .  F u r t h e r  t e s t s  a t  
tempera tures  rang ing  f rom room temperature t o  1149 "C 
(2100 O F )  have been c a r r i e d  o u t  a t  P r a t t  and Whitney 
under c o n t r a c t  NAS3-23939. Good c o r r e l a t i o n s  and pre-  
d i c t i o n s  a r e  u n i f o r m l y  ach ieved a t  tempera tures  above 
649 "C (1200 O F ) ,  b u t  f u r t h e r  work appears t o  be nec- 
essary  t o  c o r r e c t l y  model t h e  de fo rma t ion  behav io r  o f  
PWA 1480 monocrys ta l  m a t e r i a l  below 649 "C  (1200 "F ) .  
N icke l -base monocrystal  s u p e r a l l o y s  have been 
The d i f f i c u l t y  i n  a n a l y z i n g  the  de fo rma t ion  behav- 
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University of Cincinnati Grant 
Nickel base single crystal superalloys have 
attracted considerable interest for use in gas turbine 
jet engine because of their superior high temperature 
properties. In polycrystalline turbine parts, rupture 
is usually due to crack propagation originating at the 
grain boundaries. Since single crystal alloys have no 
grain boundaries, use of the alloy has significant 
advantages for increased strength and longer life. 
Under grant NAG3-511, "Anisotropic Constitutive 
Modeling for Nickel-Base Single Crystal Alloy Renk 
N4," an anisotropic constitutive model was developed 
based on a crystallographic approach. The current 
equations modified a previous model proposed by Dame 
and Stouffer (1986) where a Bodner-Partom equation 
with only the drag stress was used to model the local 
inelastic response in each slip system. Their model 
was considered successful for predicting both the 
orientation dependence and tension/compression asymme- 
try for tensile and creep histories for single crystal 
alloy RenC N4 at 760 "C (1400 Of). However, certain 
properties including fatigue were not satisfactorily 
modeled. A back stress state variable was incorpo- 
rated into the local slip flow equation based on the 
observed experimental observations. Model predicta- 
bility was improved especially for mechanical proper- 
ties such as inelasticity and fatigue loops. 
Figures 9 and 10 are typical of the numerous 
results obtained from this effort. Experimental data 
and predicted responses of tensile and cyclic condi- 
tions for different specimen orientations are compared. 
Shown in Fig. 9 are the experimental data in C1001 and 
[ 1 1 1 1  orientations which were used to determine mate- 
rial constants. The response in [1101 orientation is 
the predicted result. The model predicted very well 
the elastic moduli, hardening characteristics (the 
knee of the curves) and the saturated values. In 
Fig. 10, comparisons show the model predicts very well 
the cyclic tension/compression asymmetry, hardening 
characteristics and rate effect for the ClOOl orienta- 
tion. The prediction of the hystersis I m p  was based 
solely on saturated constants determined from tensile 
tests. 
University of Akron Grant 
Structural alloys used in high-temperature appli- 
cations exhibit compiex thermomechanical behavior that 
is time-dependent and hereditary. Recent attention is 
being focused on metal-matrix composite materials for 
aerospace applications that, at high temperature, 
exhibit all the complexities o f  conventional alloys 
(e.g., creep, relaxation, recovery, rate sensitivity) 
and, in addition, exhibit further complexities because 
of their strong anisotropy. 
Under grant NAG3-379. "A Continuum Deformation 
Theory for Metal-Matrix Composites at High Tempera- 
ture," (Robinson et al., 1986) a continuum theory was 
developed for representing the high-temperature, 
time-dependent, hereditary deformation behavior of 
metallic composites that can be idealized as pseudo- 
homogeneous continua with locally definable direc- 
tional characteristics. Homogenization of textured 
materials (molecular, granular, fibrous) and aDplica- 
bility of continuum mechanics in structural applica- 
tions depends on characteristic body dimensions, the 
severity of gradients (stress, temperature, etc.) in 
the structure and on the relative size of the inter- 
nal structure (cell size) of the material. Examina- 
tion reveals that the appropriate conditions are met 
in a significantly large class of anticipated aero- 
space applications of metallic composites to justify 
research into the formulation of continuum-based 
theor i es . 
The starting point for the theoretical develop- 
ment is the assumed existence of a dissipation poten- 
tial function R for a composite material; that is a 
two constituent (fiber/matrix), pseudohomogeneous 
material. 
The potential function is of the form 
R = !Xuij, aij, didj. T) (1) 
in which ui denotes the components of (Cauchy) 
stress, a 
state variable (internal stress), did the components 
of a directional tensor, and T the iemperature. The 
symmetric tensor did4 is formed by a self product of 
the unit vector di enoting the local fiber direc- 
tion. Account can be taken of more than a single fam- 
ily of fibers inherent to the continuum element. 
The present theory has been implemented into the 
commercial finite element code MARC. Several trial 
calculations have been made under uniaxial conditions 
using material functions and parameters that approxi- 
mate a tungsten/copper composite material. A trans- 
versely isotropic continuum elasticity theory has been 
used in conjunction with the present viscoplastic 
theory. The results of the calculations show the 
expected responses of rate-dependent plasticity, creep, 
and relaxation as well as appropriate anisotropic fea- 
tures. Predictions of relaxation and hysteresis loops 
for different fiber orientation angles on a tungsten/ 
copper like material are shown in Figs. 1 1  and 12 .  
the components of a tensorial internal !j 
COMPUTATIONAL METHODS AND CODE DEVELOPMENT 
General Electric Contract 
It has become apparent in recent years that there 
is a serious problem of interfacing the output temper- 
atures and temperature gradients from either the heat 
transfer codes or engine tests with the input to the 
stress analysis codes. 
postprocessors, the analysis of hot section components 
using hundreds and even thousands of nodes in the heat 
transfer and stress models has become economical and 
routine. This has exacerbated the problem of manual 
transfer of output three-dimensional temperatures from 
heat transfer codes to stress analysls input to where 
the engineering effort required is comparable to that 
required for the remainder of the analysis. Further- 
more, a considerable amount o f  approximation has been 
introduced in an effort to accelerate the process. 
This tends to introduce errors into the temperature 
data which negates the improved accuracy in the tem- 
perature distribution achieved through use of a fine 
mesh. There is, then, a strong need for an automatic 
thermal interface module. A module was developed 
under contract NAS3-23272, "Burner Liner Thermal/ 
Structural Load Modeling," (Maffeo, 1984). 
transfer module were that it handle independent mesh 
configurations, finite difference and finite element 
heat transfer codes, perform the transfer in an accu- 
rate and efficient fashion and the total system be 
flexible for future applications. Key features of the 
code developed include: independent heat transfer and 
stress model meshes, accurate transfer of thermal data, 
computationally efficient transfer, user friendly pro- 
gram, flexible system, internal coordinate transforma- 
tions, automated exterior surfacing techniques and 
geometrical and temporal windowing capability. 
CITS) is shown in fig. 13. The module can process 
heat transfer results directly from the MARC (finite 
With the growth in computer 
The overall objectives of this thermal/structural 
A schematic of the TJansfer AJalysis code (TRAN- 
60 
element)  and S I N D A  ( f i n i t e  d i f f e r e n c e )  programs and 
w i l l  o u t p u t  temperature i n fo rma t ion  i n  the  forms 
r e q u i r e d  f o r  MARC and NASTRAN. The i n p u t  and o u t p u t  
r o u t i n e s  i n  t h e  module a r e  v e r y  f l e x i b l e  and cou ld  
e a s i l y  be mod i f i ed  th rough a n e u t r a l  f i l e  t o  except  
da ta  from o t h e r  heat  t r a n s f e r  codes and fo rma t  d a t a  
t o  o t h e r  s t r e s s  a n a l y s i s  codes. 
to e f f i c i e n t l y  and a c c u r a t e l y  t r a n s f e r  thermal da ta  
f rom d i s s i m i l a r  hea t  t r a n s f e r  meshes t o  s t r e s s  meshes. 
The fundamental p a r t  o f  t h e  code, the  th ree-d imens iona l  
search, i n t e r p o l a t i o n  and s u r f a c i n g  r o u t i n e s ,  have much 
more p o t e n t i a l .  They form an o u t s t a n d i n g  f o u n d a t i o n  
f o r  au tomat ic  c o n s t r u c t i o n  of embedded meshes, l o c a l  
element mesh re f i nemen t ,  and t h e  t r a n s f e r  o f  o t h e r  
mechanical t ype  l oad ing .  
Th is  thermal  l oad  t r a n s f e r  module has been shown 
General E l e c t r i c  C o n t r a c t  
The o v e r a l l  o b j e c t i v e  of t h i s  program was t o  
develop and v e r i f y  a s e r i e s  o f  i n t e r d i s c i p l i n a r y  
model lng and a n a l y s i s  techn iques  s p e c i a l i z e d  t o  
address h o t  s e c t i o n  components. These techn iques  
i n c o r p o r a t e  d a t a  as w e l l  as t h e o r e t i c a l  methods f r o m  
many d i v e r s e  areas i n c l u d i n g  c y c l e  and performance 
a n a l y s i s ,  hea t  t r a n s f e r  a n a l y s i s ,  l i n e a r  and n o n l i n -  
ea r  s t r e s s  a n a l y s i s ,  and m i s s i o n  a n a l y s i s .  B u i l d i n g  
on the  proven techn iques  a l r e a d y  a v a i l a b l e  i n  these 
f i e l d s ,  t h e  new methods developed th rough t h i s  con- 
t r a c t  were i n t e g r a t e d  i n t o  a system which p rov ides  an 
accura te ,  e f f i c i e n t ,  and u n i f i e d  approach t o  ana lyz-  
i n g  h o t  s e c t i o n  s t r u c t u r e s .  The methods and codes 
developed under t h i s  c o n t r a c t ,  NAS3-23687, "Component- 
Spec i f i c  Model ing,"  (McKnight,  1985) p r e d i c t  tempera- 
t u r e s ,  de format ion ,  s t r e s s  and s t r a i n  h i s t o r i e s  
th roughout  a complete f l i g h t  m iss ion .  
F i v e  b a s i c  modules w e r e  developed and then l i n k e d  
toge the r  w i t h  an execu t i ve  module. They a re :  
i 
a 
(1 )  The lhermodynamic Engine Model (TDEM) which 
s t he  subsystem of computer sof tware.  I t  t r a n s l a t e s  
l i s t  o f  m i s s i o n  f l i g h t  p o i n t s  and d e l t a  t imes  i n t o  
t ime p r o f i l e s  o f  major engine performance parameters.  
I t s  p resen t  d a t a  base c o n t a i n s  CF6-5OC2 eng ine  per -  
formance da ta .  
d i f f e r e n t  eng ine  r e q u i r e s  o n l y  t h e  r e s t o c k i n g  o f  t h i s  
d a t a  base w i t h  the  a p p r o p r i a t e  eng ine  performance 
da ta .  
I n  o r d e r  t o  adapt t h i s  system to  a 
( 2 )  The Ihe rmobnamic  Loads Model (TDLM) which i s  
t he  subsystem o f  computer so f tware  which works w i t h  
the  o u t p u t  o f  t h e  TDEM to produce t h e  m iss ion  c y c l e  
l o a d i n g  on the  i n d i v i d u a l  h o t  s e c t i o n  components. 
There a r e  separa te  segments for  the  combustor, t h e  
t u r b i n e  b lade,  and t h e  t u r b i n e  vane. 
t r a n s l a t e  the  major  eng ine  performance parameter p ro-  
f i l e s  from the  TDEM i n t o  p r o f i l e s  o f  the  l o c a l  thermo- 
dynami c l oads  (p ressures ,  temperatures,  rpm) for  each 
component. The fo rmulas  which pe r fo rm t h i s  mapping i n  
the  TDLM models were developed for  t h e  s p e c i f i c  engine 
components. To adapt these models t o  a d i f f e r e n t  
engine would r e q u i r e  e v a l u a t i n g  these fo rmulas  for  
t h e i r  s i m u l a t i o n  c a p a b i l i t y  and making any necessary 
changes. 
( 3 )  The Component S p e c i f i c  S t r u c t u r a l  Mode l ing  
which i s  t h e  h e a r t  o f  t h e  geometr ic mode l ing  and mesh 
genera t i on  u s i n g  t h e  r e c i p e  concept.  
t r y  p a t t e r n  i s  determined f o r  each component. A 
r e c i p e  i s  developed for  t h i s  b a s i c  geometry i n  terms 
o f  p o i n t  coo rd ina tes ,  l eng ths ,  th icknesses ,  ang les ,  
and r a d i i .  These r e c i p e  parameters a r e  encoded i n  
computer sof tware as v a r i a b l e  i n p u t  parameters.  A s e t  
These segments 
A gener i c  geome- 
o f  d e f a u l t  numer ica l  va lues  a r e  s t o r e d  f o r  these 
parameters.  
parameters which a r e  t o  have d i f f e r e n t  va lues .  These 
r e c i p e  parameters then  u n i q u e l y  d e f i n e  a gener i c  com- 
ponent w i t h  t h e  d e f i n e d  dimensions. The so f tware  
l o g i c  then works w i t h  these parameters t o  develop a 
f i n i t e  element model o f  t h i s  geometry c o n s i s t i n g  o f  
20-noded i soparamet r i c  elements.  The user  s p e c i f i e s  
the  number and d i s t r i b u t i o n  o f  these elements th rough 
i n p u t  c o n t r o l  parameters.  F igu re  14 shows t h e  gener i c  
geometry and r e c i p e  for  a combustor l i n e r  pane l .  
( 4 )  The subsystem which per fo rms the  th ree -  
dimensional  n o n l i n e a r  f i n i t e  element a n a l y s i s  o f  t h e  
h o t  s e c t i o n  component model and was developed under 
the  NASA HOST c o n t r a c t  NAS3-23698, " th ree-d imens iona l  
I n e l a s t i c  Ana lys i s  Methods for  Hot Sec t i on  S t r u c t u r e s . "  
Th is  so f tware  per fo rms incrementa l  n o n l i n e a r  f i n i t e  
element a n a l y s i s  o f  complex th ree-d imens iona l  s t r u c -  
t u r e s  under c y c l i c  thermomechanical l o a d i n g  w i t h  tem- 
p e r a t u r e  dependent m a t e r i a l  p r o p e r t i e s  and m a t e r i a l  
response behav io r .  The n o n l i n e a r  a n a l y s i s  cons ide rs  
bo th  t ime- independent and time-dependent m a t e r i a l  
behav io r .  Among the  c o n s t i t u t i v e  models a v a i l a b l e  i s  
the  H a i s l e r - A l l e n  c l a s s i c a l  model which per fo rms p l a s -  
t i c i t y  a n a l y s i s  w i t h  i s o t r o p i c  m a t e r i a l  response, 
k inemat i c  m a t e r i a l  response, or a combina t ion  o f  iso- 
t r o p i c  and k inemat i c  m a t e r i a l  response. Th is  i s  com- 
b ined  w i t h  a c l a s s i c a l  creep a n a l y s i s  f o r m u l a t i o n .  A 
major advance i n  t h e  a b i l i t y  t o  pe r fo rm time-dependent 
analyses i s  a dynamic t ime inc remen t ing  s t r a t e g y  
i nco rpo ra ted  i n  t h i s  so f tware .  
t i v e  module which c o n t r o l s  t h e  TDEM, TDLM, the  geomet- 
r i c  modeler, t h e  s t r u c t u r a l  a n a l y s i s  code, t h e  f i l e  
s t r u c t u r e / d a t a  base, and c e r t a i n  a n c i l l a r y  modules. 
The a n c i l l a r y  modules c o n s i s t  o f  a band w i d t h  o p t i -  
m izer  module, a deck genera t i on  module, a remesh ing l  
mesh re f i nemen t  module and a pos tp rocess ing  module. 
The execu t i ve  d i r e c t s  t h e  runn ing  o f  each module, con- 
t r o l s  the  f l o w  o f  da ta  among modules and c o n t a i n s  the  
s e l f a d a p t i v e  c o n t r o l  l o g i c .  F igu re  15 i s  a flow c h a r t  
o f  the  COSMO system showing d a t a  flow and t h e  a c t i o n  
p o s i t i o n s  o f  the  adap t i ve  c o n t r o l s .  The modular des ign  
o f  t h e  system a l l ows  each subsystem to  be viewed as a 
p l u g - i n  module. They can be a b s t r a c t e d  and r u n  a lone  
or rep laced  w i t h  a l t e r n a t e  systems. 
The ideas ,  techn iques ,  and computer so f tware  
developed i n  t h e  Component S p e c i f i c  Mode l ing  program 
have proven to be ex t remely  v a l u a b l e  i n  advancing the  
p r o d u c t i v i t y  and des ign-ana lys is  c a p a b i l i t y  f o r  h o t  
s e c t i o n  s t r u c t u r e s .  
The user  need o n l y  i n p u t  va lues  f o r  those 
(5 )  The COSMO system which c o n s i s t s  o f  an execu- 
General E l e c t r i c  C o n t r a c t  
Under NASA c o n t r a c t  NAS3-23698, "Three-Dimensional 
I n e l a s t i c  Ana lys i s  Methods f o r  Hot Sec t i on  Compo- 
nents , "  (McKnight e t  a l . .  1986), a s e r i e s  o f  th ree-  
dimensional  i n e l a s t i c  s t r u c t u r a l  a n a l y s i s  computer 
codes were developed and d e l i v e r e d  t o  NASA Lewis.  
The o b j e c t i v e  o f  t h i s  program was t o  develop a n a l y t i -  
c a l  methods capable o f  e v a l u a t i n g  t h e  c y c l i c  t ime- 
dependent i n e l a s t i c i t y  which occu rs  i n  h o t  s e c t i o n  
engine components. Because o f  the  l a r g e  excurs ions  i n  
temperature assoc ia ted  w i t h  h o t  s e c t i o n  engine compo- 
nen ts ,  t he  techniques developed must be ab le  t o  accom- 
modate l a r g e  v a r i a t i o n s  i n  m a t e r i a l  behav io r  i n c l u d i n g  
p l a s t i c i t y  and creep. To meet t h i s  o b j e c t i v e ,  General 
E l e c t r i c  developed a m a t r i x  c o n s i s t i n g  o f  t h r e e  con- 
s t i t u t i v e  models and t h r e e  element f o r m u l a t i o n s .  A 
separa te  program for each combina t ion  of c o n s t i t u t i v e  
model-element model was w r i t t e n ,  making a t o t a l  o f  
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nine programs. 
capability of performing cyclic nonlinear analysis. 
tinct forms: a simplified theory (simple model), a 
classical theory, and a unified theory. In an inelas- 
tic analysis, the simplified theory uses a bilinear 
stress-strain curve to determine the plastic strain 
and a power law equation to obtain the creep strain. 
The second model is the classical theory of Haisler 
and Allen. The third mode1 is the unified model of 
Bodner and Partom. All of the models were programmed 
for a linear variation of loads and temperatures with 
the material properties being temperature dependent. 
The three element formulations used are an 8-node 
isoparametric shell element, a 9-nc3e shell element, 
and a 20-node isoparametric solid element. The 8-node 
element uses serendipity shape functions for interpo- 
lation and Gaussian quadrature for numerical integra- 
tion. Lagrange shape functions are used in the 9-node 
element. For numerical integration, the 9-node ele- 
ment uses Simpson's rule. The 20-node solid element 
uses Gaussian quadrature for integration. 
For the linear analysis of structures, the nine 
codes use a blocked-column skyline, out-of-core equa- 
tion solver. To analyze structures with nonlinear 
material behavior, the codes use an initial stress 
iterative scheme. Aitken's acceleration scheme was 
incorporated into the codes to increase the conver- 
gence rate of the iteration scheme. 
ries was written into the codes. Since the inelastic 
strain rate can change dramatically during a linear 
load history, a dynamic time-incrementing procedure 
was included. The maximum inelastic strain increment, 
maximum stress increment, and the maximum rate of 
change of the inelastic strain rate are the criteria 
that control the size of the time step. The minimum 
time step calculated from the three criteria is the 
value that is used. 
values can be extracted using either the determinant 
search technique or the subspace iteration method. 
These methods are only included with those finite- 
element codes containing the 8-node shell element. 
Each program was given a stand alone 
The three constitutive models are in three dis- 
The ability to model piecewise linear load histo- 
In dynamic analysis, the eigenvectors and elgen- 
Pratt and Whitnev Aircraft Contract 
NAS3-23697. "Three-dimensional Inelastic Analysis 
The objective of the work done under contract 
Methods for Hot Section Components," (Nakazawa, 1987; 
Wilson. and Banerjee. 1986) was t o  produce three new 
computer codes to permit accurate and efficient three- 
dimensional inelastic analysis of combustor liners, 
turbine blades, and turbine vanes. The three codes 
developed are called MOMM (Mechanics pf Materials 
Model), MHOST (MARC-HOST) and BEST (Boundary flement 
- Stress Technology). These codes embody a progression 
of mathematical models for increasingly comprehensive 
representation of the geometrical features, loading 
conditions, and forms of nonlinear material response 
that distinguish the three groups of hot section 
components. 
Software in the form of stand-alone codes was 
developed by Pratt and Whitney Aircraft (PWA) with 
assistance from three subcontractors: MARC Analysis 
Research Corporation (MARC), United Technology 
Research Center (UTRC), and the State University of 
New York at Buffalo (SUNY-6). 
models were implemented in MOMM, MHOST, and BEST to 
account for inelastic material behavior (plasticity. 
creep) in the elevated temperature regime. The sim- 
plified model assumes a bilinear approximation of 
Three increasingly sophisticated constitutive 
stress-strain response and glosses over the complica- 
tions associated with strain rate effects, etc. The 
state-of-the-art model partitions time-independent 
plasticity and time-dependent creep in the conven- 
tional way, invoking the von Mises yield criterion 
and standard (isotropic. kinematic, combined) harden- 
ing rules for the former, and a power law for the lat- 
ter. Walker's viscoplasticity theory which accounts 
for the interaction between creep/relaxation and plas- 
ticity that occurs under cyclic loading conditions, 
has been adopted as the advanced constitutive model. 
code that utilizes one-. two- and three-dimensional 
arrays of beam elements to simulate hot section compo- 
nent behavior. Despite limitations of such beam model 
representations, the code will be useful during early 
phases of component design as a fast, easy to use. 
computationally efficient tool. All of the structural 
analysis types (static. buckling, vibration, dynam- 
ics). as well as the three constitutive models men- 
tioned above, are provided by MOMM. Capabilities of 
the code have been tested for a variety of simple 
problem discretizations. 
(brick) elements in a mixed method framework to pro- 
vide comprehensive capabilities for investigating 
local (stresslstrain) and global (vibration, buck- 
ling) behavior of hot section components. Attention 
was given to the development of solution algorithms, 
integration algorithms for stiffness, strain recovery 
and residual terms, and modeling methods that permit 
accurate representations of thermal effects on struc- 
tural loading and material properties, as well as geo- 
me tr i cal di scon t i nu i ti es . 
The three constitutive models implemented are the 
secant elasticity model, von Mise's plasticity model, 
and Walker's creep plasticity model. Temperature 
dependency and ani sotropy can be obtained through user 
subroutines in MHOST. Nonlinear transient analysis 
and eigenvalue extraction for buckling and modal 
analyses are some of the other important features in 
the program. The improved algorithm models and flnite 
elements implemented in the code significantly reduced 
CPU (Central Processing Units) time requirements for 
three-dimensional analyses. 
code, considerable efforts were made in applying the 
code in different cases with results compared to theo- 
retical predictions or numerical values generated by 
other codes. For example, the code was used in-house 
to analyze a General Electric CF/6-50 engine blade and 
rotor model with data generated by a computational 
structural mechanics simulator system. The simulator 
system provided data, such as pressure and temperature 
distribution, centrifugal force, and time duration, at 
various stages of flight. Figure 16 shows the varia- 
tion of the radical displacement of the leading edge 
tip in the static condition during the entire flight 
without consideration of the centrifugal force effect. 
BEST3D - This is a general purpose three- 
dimensional structural analysis program utilizing the 
boundary element method. The method has been imple- 
mented for very general three-dimensional geometrles, 
and for elastic. inelastic and dynamic stress analy- 
sis. Although the feasibility of many of the capabil- 
ities provided has been demonstrated in a number of 
individual prior research efforts, the present code is 
the first in which they have been made available for 
large scale problems in a single code. In addition, 
important basic advances have been made in a number of 
areas, including the development and implementation of 
a variable stiffness plasticity algorithm, the Incor- 
poration of an embedded time algorithm for elastody- 
namics and the extensive application of particular 
MOMM - This is a stiffness method finite element 
MHOST - This code employs both shell and solid 
To test the validity of the MHOST finite-element 
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s o l u t i o n s  w i t h i n  t h e  boundary element method. 
fea tu res  p r e s e n t l y  a v a i l a b l e  i n  t h e  BEST3D code 
i n c l u d e :  v e r y  genera l  geometry d e f i n i t i o n ,  i n c l u d i n g  
the  use o f  doub le  curved i soparamet r i c  su r face  e l e -  
ments and volume c e l l s ,  w i t h  p r o v i s i o n  o f  f u l l  sub- 
s t r u c t u r i n g  c a p a b i l i t y ;  genera l  c a p a b i l i t y  f o r  t he  
d e f i n i t i o n  o f  complex, t ime-dependent boundary condi-  
t i o n s ;  c a p a b i l i t y  for  n o n l i n e a r  a n a l y s i s  u s i n g  a 
v a r i e t y  o f  a l g o r i t h m s ,  s o l u t i o n  procedures and c o n s t i -  
t u t i v e  models; and a v e r y  complete e las todynamic  capa- 
b i l i t y  i n c l u d i n g  p r o v i s i o n  for  f r e e  v i b r a t i o n ,  f o r c e d  
response and t r a n s i e n t  a n a l y s i s .  
d i c t i o n s  from BEST3D w i t h  those f rom t h e o r e t i c a l  
and/or  numer ica l  p r e d i c t i o n s  and some exper imenta l  
da ta .  For example, r e s u l t s  f rom a benchmark no tch  
t e s t  program were used. 
element meshes for  one-quar te r  o f  a specimen gage sec- 
t i o n  a r e  shown i n  F i g .  17. Measurements o f  no tch  r o o t  
s t r e s s - s t r a i n  behav io r  f o r  i n i t i a l  up load ings  were 
compared w i t h  p r e d i c t i o n s  ( F i g .  18).  S i m u l a t i o n  o f  
f i r s t - c y c l e  no tch  root behav io r  w i t h  BEST3D was proven 
t o  be q u i t e  accu ra te .  
Major 
I The BEST3D code was v a l i d a t e d  by comparing pre- 
F i n i t e  element and boundary 
EXPERIMENTAL FACILITIES AND DATA 
Oak Ridge N a t i o n a l  Labora to ry  In te ragency  Agreement 
An exoer imenta l  e f f o r t  was under taken under 
In te ragency  Agreement Number 40-1447-84 and U.S. 
Department o f  Energy c o n t r a c t  DE-AC05-840R 21400 w i t h  
M a r t i n  M a r i e t t a  Energy Systems I n c . .  "De te rm ina t ion  
o f  Sur face  o f  Constan t  I n e l a s t i c  S t r a i n  Rate a t  Ele- 
va ted  Temperature," ( B a t t i s t e .  and B a l l ,  1986). 
Spec ia l  e x p l o r a t o r y  m u l t i a x i a l  de fo rma t ion  t e s t s  on 
t u b u l a r  specimens o f  type  316 s t a i n l e s s  s t e e l  a t  
649 "C  (1200 O F )  were conducted t o  i n v e s t i g a t e  t ime-  
dependent m a t e r i a l  behav io r .  
I n  c l a s s i c a l  p l a s t i c i t y  t h e  concept of y i e l d  sur-  
faces  i n  m u l t i a x i a l  s t r e s s  space p l a y s  a c e n t r a l  r o l e ,  
n o t  o n l y  i n  t h e  d e f i n i t i o n  o f  i n i t i a l  y i e l d i n g  b u t  i n  
de te rm in ing  subsequent p l a s t i c  f low. A t  h i g h  tempera- 
t u r e s  t h e  de fo rma t ion  behav io r  o f  s t r u c t u r a l  a l l o y s  i s  
s t r o n g l y  t ime  dependent. Consequent ly,  t h e  s i g n i f i -  
cance o f  y i e l d  su r faces  breaks  down, and i t  has been 
proposed t h a t  i n  t h e i r  p l a c e  the  concept o f  su r faces  
o f  cons tan t  i n e l a s t i c  s t r a i n  r a t e  ( S C I S R )  m igh t  be 
u t i l i z e d .  Such su r faces ,  c a l l e d  SCISRs. can be shown 
to  have a p o t e n t i a l  n a t u r e  and thus  c o n s t i t u t e  the  
b a s i s  o f  a r a t i o n a l  m u l t i a x i a l  v i s c o p l a s t i c  c o n s t i t u -  
t i v e  theo ry .  
determined by  l o a d i n g  the  specimen a t  a cons tan t  
e f f e c t i v e  s t r e s s  r a t e  i n  t h e  two-dimensional a x i a l /  
t o r s i o n a l  s t r e s s  s t a t e  i n  va r ious  d i r e c t i o n s  u n t i l  a 
p redetermined i n e l a s t i c  e f f e c t i v e  s t r a i n  r a t e  was 
reached. A f t e r  each probe, t h e  s t r e s s  was r e t u r n e d  t o  
the  i n i t i a l  s t a r t i n g  p o i n t ;  thus  a l ocus  o f  p o i n t s  
( s u r f a c e  o f  cons tan t  i n e l a s t i c  s t r a i n  r a t e )  was 
e s t a b l i s h e d .  
specimen was sub jec ted  t o  a t ime- independent t o r s i o n a l  
shear s t r a i n  t e s t  h i s t o r y ,  and surfaces o f  cons tan t  
i n e l a s t i c  s t r a i n  r a t e  ( S C I S R s )  i n  an a x i a l / t o r s i o n a l  
s t r e s s  space were measured a t  va r ious  predetermined 
p o i n t s  d u r i n g  t h e  t e s t .  A second specimen was sub- 
j e c t e d  t o  a 14-week time-dependent (creep-recovery- 
creep p e r i o d s )  t o r s i o n a l  shear s t r e s s  h is togram.  
SCISRs de te rm ina t ions  were made a t  17 p o i n t s  d u r i n g  
the  t e s t .  The t e s t s  were conducted i n  a h igh-  
tempera ture ,  compu te r -con t ro l l ed  a x i a l / t o r s i o n a l  t e s t  
f a c i l i t y  u s i n g  an Oak Ridge Na t iona l  Labora to ry  deve l -  
oped h igh- tempera ture  m u l t i a x i a l  extensometer.  
A su r face  o f  cons tan t  i n e l a s t i c  s t r a i n  r a t e  was 
Two types  o f  t e s t s  were conducted. One t e s t  
A key  r e s u l t  o f  t h i s  t e s t i n g  e f f o r t  was t h a t  sur -  
faces o f  cons tan t  i n e l a s t i c  s t r a i n  r a t e  e x i s t  and can 
be determined o r  measured a t  an e l e v a t e d  temperature,  
650 "C. This i s  shown i n  F i g .  19. The conc lus ion  i s  
v a l i d a t e d  o r  deduced by the  e x e c u t i o n  o f  the  t e s t  p ro-  
grams and by the  cons is tency  o f  t h e  su r face  r e s u l t s ,  
e s p e c i a l l y  t he  repeated  su r faces .  To o u r  knowledge, 
t h i s  i s  t he  f i r s t  success fu l  d e t e r m i n a t i o n  o f  h igh -  
temperature sur faces  o f  cons tan t  i n e l a s t i c  s t r a i n  
r a t e .  
A l though conc lus ions  r e g a r d i n g  the  e f f e c t  of  
these SCISRs d a t a  on d i f f e r e n t  t h e o r i e s  w i l l  be l e f t  
t o  t h e  c o n s t i t u t i v e  equa t ion  deve lopers ,  severa l  
r e s u l t s  can be s ta ted .  F i r s t ,  t h e  sur faces  d i d  n o t  
move or change shape i n  t h e  a x i a l / t o r s i o n a l  s t r e s s  
s t a t e  by any s i g n i f i c a n t  amount. Second, a deduc t ion  
t h a t  p l a s t i c  de format ions  have a l a r g e r  e f f e c t  than 
creep de format ions  can be s t a t e d .  Th i rd ,  SCISRs 
determined immedia te ly  a f t e r  l a r g e  p l a s t i c  deforma- 
t i o n  show more i n c o n s i s t e n t  r e s u l t s  than S C I S R s  which 
have n o t  undergone immediate p r i o r  p l a s t i c  deforma- 
t i o n s .  Las t ,  t he  extensometer system and so f tware  
c o n t r o l  system performed ex t reme ly  w e l l  i n  a d i f f i -  
c u l t  a p p l i c a t i o n .  
In-house Lewis Research Center  Exper imenta l  Faci  1 i- 
t i e s  and Data 
s i o n  o f  t h e  u n i a x i a l  t e s t i n g  c a p a b i l i t y  o f  the  f a t i g u e  
and s t r u c t u r e s  l a b o r a t o r y  i n c l u d e d  the  a d d i t i o n  o f  
f o u r  new t e s t  systems ( B a r t o l o t t a ,  and McGaw, 1987). 
One o f  these systems i s  shown i n  F i g .  20. The load  
r a t i n g  for  two o f  the  new systems i s  29072 k g  
(k20 000 l b ) .  and the  o t h e r  two a t  +22 680 kg  
(550 000 l b ) .  Each system i s  equipped w i t h  a s t a t e -  
o f - t h e - a r t  d i g i t a l  c o n t r o l l e r .  The d i g i t a l  c o n t r o l -  
l e r s  have the  a b i l i t y  t o  complete a smooth c o n t r o l  
mode t r a n s f e r ,  which i s  accompl ished e i t h e r  manua l ly  
o r  e l e c t r o n i c a l l y .  Th is  f e a t u r e  w i l l  make i t  p o s s i b l e  
to conduct some o f  t he  more complex t e s t s  t h a t  have 
been d e f i n e d  by the  c o n s t i t u t i v e  model deve lopers  a t  
NASA Lewis and elsewhere. Specimen heat  i s  p rov ided  
by 5 kW r a d i o  f requency  i n d u c t i o n  hea te rs .  A x i a l  
s t r a i n s  a re  measured u s i n g  an a x i a l  extensometer.  To 
s tudy  t h e  e f f e c t s  of the  environment on c reep- fa t igue 
behav io r ,  t h e  two sma l le r  l oad  c a p a c i t y  t e s t  systems 
a re  equipped w i t h  env i ronmenta l  chambers capab le  o f  
p r o v i d i n g  a vacuum and/or  an i n e r t  environment.  The 
env i ronmenta l  chamber i s  a b l e  t o  s u s t a i n  a vacuum o f  
2 . 6 7 ~ 1 0 - ~  Pa (2x10-6 tor r )  w i t h  a specimen temperature 
o f  1093 "C  (2000 O F ) .  A l l  systems i n c l u d e  water -  
coo led  h y d r a u l i c  g r i p s  for  s imp le  specimen i n s t a l l a -  
t i o n .  By the  means o f  exchanging two c o l l e t s  these 
g r i p s  can be adapted t o  hand le  e i t h e r  f l a t  bar ,  smooth 
shank, o r  threaded-end specimens. Each u n i a x i a l  sys- 
tem has i t s  own minicomputer f o r  exper imenta l  c o n t r o l  
and d a t a  a c q u i s i t i o n .  P r e l i m i n a r y  so f tware  has been 
developed by the  e x p e r i m e n t a l i s t s  t o  conduct t e s t s  as 
s imp le  as a low c y c l e  f a t i g u e  t e s t ,  and as compl ica ted  
as thermomechanical t e s t s .  
U n i a x i a l  Test Systems. Under HOST, r e c e n t  expan- 
B i a x i a l  T e s t  Systems. I n  many l i f e  and m a t e r i a l  
behav io r  models, m u l t i a x i a l  r e p r e s e n t a t i o n s  a r e  formu- 
l a t e d  by  m o d i f y i n g  u n i a x i a l  c r i t e r i a .  U n f o r t u n a t e l y ,  
t h i s  method does n o t  always ach ieve  t h e  accuracy  needed 
t o  meet des ign  goa ls  o f  h o t  s e c t i o n  components. I n  
response t o  t h i s  need for  b e t t e r  l i f e  and m a t e r i a l  
behav io r  p r e d i c t i o n s  under complex s t a t e s  o f  s t r e s s  
and s t r a i n ,  a m u l t i a x i a l  t e s t i n g  c a p a b i l i t y  i s  be ing  
developed. As an e v o l u t i o n a r y  s tep  from a u n i a x i a l  
t e s t  c a p a b i l i t y ,  a d e c i s i o n  was made to  beg in  w i t h  
b i a x i a l  ( a x i a l - t o r s i o n )  t e s t  systems ( F i g .  21) and 
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eventually progress to triaxial systems through the 
use of internal pressure. Under HOST, three new biax- 
ial test systems were added to the laboratory 
(Bartolotta, and McGaw, 1987). 
for loads of 522 948 kg (550 000 lb) axial and 
-2824 N-m ( 2 2 5  000 in.-lb) torsional. Electronics 
for these systems consist of two servocontrollers, 
two data display units, function generators, and an 
oscilloscope. The two servocontrollers allow for 
both independent and combined control of axial and 
torsional loading. Each servocontroller can control 
specimen loading in one of three modes: load, strain 
or stroke for axial loading and torque, torsional 
strain or angular displacement for torsional loading. 
Data display units are used to monitor analog data 
signals, and provide an important interface between 
the test system and the computer system. These units 
can be programmed to perform a variety of signal pro- 
cessing operations. 
The heating system for each biaxial test system 
consists of an audio frequency induction generator, 
an induction coil fixture, and a PID controller for 
closed-loop temperature control. Each generator has 
a power output of 50 kW at an operating frequency of 
9.6 kHz. Audio frequency generators were chosen 
because o f  their ability to operate with minimal elec- 
trical interference to instrumentation signals. 
with its own minicomputer. These minicomputers, along 
with the data display units, are used for experimental 
control and data acquisition. Preliminary software i s  
being used to conduct simple tests, while more compli- 
cated test programs are still in their developmental 
stages. 
A thin-walled tube was chosen as the basic speci- 
men gecmetry. This type of geometry has the following 
advantages: (a) easy decomposition of axial-torsional 
components of stress and strain, (b) at high tempera- 
tures thermal gradients across the diameter are mini- 
mal, and (c) for thermomechanical testing, cooling 
rates are higher. 
bases for several materials have been generated under 
the grants and contracts previously discussed. In 
the Lewis Fatigue and Structures Laboratory, a uniax- 
ial database on Hastelloy-X, a nickel-base superalloy 
used in hot section component applications, was gener- 
ated (Bartolotta. 1985; Ellis et al., 1986; 
Bartolotta, and Ellis, 1987). These data are being 
used in the development and calibration of constitutive 
models. In addition, some of the data generated was 
used to address a number of questions regarding the 
validity of methods adopted in characterizing the con- 
stitutive models for particular high-temperature mate- 
rials. One area of concern is that the majority of 
experimental data available for this purpose are 
determined under isothermal conditions. This is in 
contrast to service conditions which almost always 
involve some form of thermal cycling. The obvious 
question arises as to whether a constitutive model 
characterized using an isothermal data base can ade- 
quately predict material response under thermomechanical 
conditions. Described here is an example of results 
of the most recent isothermal and thermomechanical 
experiments conducted on Hastelloy-X to address this 
concern. 
Results obtained from two uniaxial isothermal 
(205 and 425 " C )  and one out-of-phase uniaxial ther- 
momechanical (200 to 400 " C )  experiments are presented 
in Fig. 2 2 .  The thermomechanical test was conducted 
in such a way that the mechanical strain range and 
The load frames for each test system are rated 
Each axial-torsional test system is interfaced 
Uniaxial Exoerimental Results. Extensive data- 
mechanical strain rate were similar to what was used 
for the isothermal experiments. Because of the tem- 
perature response limitations of the experiment 
itself, it should be noted that at the tensile peaks 
of each thermomechanical cycle, the temperature under- 
shot its lower bound by -5 "C (195 "C instead of 
200 "0. 
From Fig. 22  it can be observed that at the tenth 
cycle of the isothermal tests the stress - inelastic 
strain responses are similar. A s  for the thermome- 
chanical test, the stress - inelastic strain response 
i s  slightly different compared to the isothermal data. 
This is probably due to the difference in mechanical 
strain range caused by the temperature overshoot. A s  
can be seen, the stress - inelastic strain response 
for the thermomechanical experiments seems to follow 
more closely that of the lower temperature isothermal 
test. A s  cycling continues, the thermomechanical 
material response seems to start following that of 
the higher temperature isothermal experiment. This 
observation was also observed in another thermomechan- 
ical experiment (400 to 600 " C ) .  which suggests that 
this trend is a general material hardening character- 
istic, but further investigation will have to be con- 
ducted before this can be confirmed. 
Preliminary inelastic strain comparisons between 
isothermal and thermomechanical experimental data have 
proven useful in developing a better understanding of 
thermomechanical material response for Hastelloy-X. 
From these types o f  comparisons it appears that 
general thermcmechani cal material behavior can be 
extracted from isothermal experimental data, but 
information concerning changes in material strain har- 
dening behavior must come from thermcmechanical test 
data. 
Tests on Haynzs 188, a cobalt-based superalloy 
used in hot section component applications were also 
conducted in the laboratory (Ellis et al.. 1987). An 
example of the test results obtained is presented. In 
this example we are concerned with determining the 
stress levels or "thresholds" at which creep deforma- 
tions first become significant in Haynes 188 over a 
temperature range of interest. A second series of 
experiments was conducted to establish whether the 
thresholds determined under monotonic conditions also 
apply in the case of thermomechanical loading. 
A s  shown in Table 11, the threshold experiments 
showed the expected result that early creep response 
is strongly temperature dependent. It can be seen 
that at 649 " C ,  stress levels must exceed 207 MPa 
(30 ksi) before creep strains become significant 
during the 1.5 hr hold periods. At temperatures of 
760 and 871 " C ,  the corresponding values of stress 
are 75.9 MPa ( 1 1  ksi) and 27.6 MPa (4 ksi), respec- 
tively. One important point to be noted about this 
result i s  that it would not have been predicted by 
inspection of handbook data. This is because mate- 
rial handbook; provide little or no information 
regarding the early stages of creep. It follows that 
problems can arise if decisions regarding the need for 
inelastic analysis are based on casual inspection of 
handbook data. The present study clearly indicated 
that some form of inelastic analysis is necessary for 
components operating at temperatures as high as 871 "C 
if stress levels are expected to exceed 27.6 MPa 
(4 ksi). 
experiments on Haynes 188, ratchetting behavior can be 
observed in the data shown in Fig. 23 for a mean 
stress of 42.5 MPa (6.17 ksi). In this case, the 
creep strain accumulated during cycle (1) was about 
100 )IC. On subsequent cycles, the creep occurring per 
Turning to the results of the thermomechanical 
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c y c l e  was 50 p~ o r  l e s s  and the  d a t a  e x h i b i t e d  cons id -  
e rab le  s c a t t e r .  The reason for  the  s c a t t e r  i s  t he  
e l e c t r i c a l  no i se  which compl ica ted  i n t e r p r e t a t i o n  o f  
the  42.5 MPa (6.17 k s i )  mean s t r e s s  da ta .  
The m a t e r i a l  e x h i b i t e d  c reep r a t c h e t t i n g  d u r i n g  
s imu la ted  s e r v i c e  c y c l e s .  
d i c t e d  by a n a l y s i s  u s i n g  c u r r e n t  c o n s t i t u t i v e  models 
f o r  Haynes 188. 
Th is  r e s u l t  was n o t  p re-  
Lewis Annu lar  Combustor L l n e r  Test F a c i l i t y  S t r u c t u r a l  
Component Response Rig 
Segments, o r  c y l i n d r i c a l  sec t i ons  of gas t u r b i n e  
engine combustor l i n e r s  were r a d i a n t l y  heated i n  t h e  
S t r u c t u r a l  Component Response r i g  shown i n  F i g .  24. 
Q u a r t z  lamps were used t o  c y c l i c a l l y  heat  t h e  20- in  
(0.5 m) d iameter  t e s t  l i n e r s .  Th is  r e s u l t e d  i n  a x i a l  
and c i r c u m f e r e n t i a l  tempera ture  v a r i a t i o n s  as w e l l  as 
th rough- the- th ickness  tempera ture  g r a d i e n t s  i n  the  
t e s t  l i n e r  s i m i l a r  t o  those o f  i n - s e r v i c e  l i n e r s ,  and 
thus  s i m i l a r  t h e r m a l l y  induced s t resses  and s t r a i n s .  
A t y p i c a l  engine m i s s i o n  c y c l e  ( take -o f f .  c r u i s e ,  
l and ing ,  and t a x i )  o f  3 t o  4 h r  was s imu la ted  i n  2 t o  
3 min.  
t u r e  g r a d i e n t s  were f e l t  t o  be adequate t o  cap tu re  
the  t ime- independent and time-dependent i n t e r a c t i o n s  
r e s u l t i n g  i n  de fo rma t ion  as w e l l  as t h e  low-cyc le  
thermal f a t i g u e  phenomena o f  i n - s e r v i c e  l i n e r s .  The 
p r imary  purpose of the  r i g  was t o  genera te  l a r g e  qua l -  
i t y  thermomechanical databases on combustor l i n e r s  
(Thompson, and Tong, 1986). 
P r a t t  and Whitney A i r c r a f t  (PWA), a d i v i s i o n  o f  U n i t e d  
Technologies Research, East Har t fo rd ,  Connec t i cu t .  
PWA s u p p l i e d  the  t e s t  r i g ,  which i nc luded  t h e  q u a r t z  
lamp h e a t i n g  system and seve ra l  t e s t  l i n e r s .  Lewis 
p rov ided  the  t e s t  f a c i l i t y  and had t h e  r e s p o n s i b i l i -  
t i e s  from i n t e g r a t i n g  the  t e s t  r i g  i n t o  the  t e s t  
f a c i l i t y  up t o  and i n c l u d i n g  conduct ing  the  t e s t s  and 
a c q u i r i n g  the  data.  Lewis and PWA personne l  developed 
automated computer c o n t r o l  s t r a t e g i e s ,  d a t a  a c q u i s i -  
t i o n  systems, and methods f o r  e f f i c i e n t  d a t a  r e d u c t i o n  
and a n a l y s i s .  
The q u a r t z  lamp h e a t i n g  system c o n s i s t s  o f  
112-6-kVA lamps c o n f i g u r e d  c i r c u m f e r e n t i a l l y  i n  16 
sec to rs ,  each hav ing  7 lamps. Th is  system, i n  add i -  
t i o n  to drawing  up t o  672 kVA o f  480-V power, r e q u i r e s  
3.5 I b l s e c  of ambient tempera ture  a i r  a t  5 p s i g ,  
1.5 l b / s e c  ambien t  tempera ture  a i r  a t  1 p s i g  and 
80 g a l l m i n  of  s p e c i a l l y  t r e a t e d  water  f o r  c o o l i n g  the  
r i g .  
b u s t o r  can upstream o f  t h e  t e s t  s e c t i o n  t o  p r o v i d e  
preheated c o o l i n g  a i r  t o  the  t e s t  l i n e r .  
temperatures a r e  c o n t r o l l a b l e  from 205 t o  316 O C  (400 t o  
600 "F )  by v a r y i n g  t h e  f u e l / a i r  m i x t u r e  r a t i o .  
t e s t  l j n e r  c o o l i n g  a i r f l o w  r a t e  i s  v a r i a b l e  from about 
4.0 t o  7.5 l b / s e c  a t  35 p s i g .  
tempera ture  and flow r a t e  can be v a r i e d  to o b t a i n  the  
d e s i r e d  c y c l i c  temperatures on the  t e s t  l i n e r .  
window v iewpor t s ,  t h r e e  of which a r e  spaced a t  120" 
a p a r t  and a r e  used t o  v iew t h e  midd le  s e c t i o n  o f  t h e  
t e s t  l i n e r .  
a p a r t ,  a r e  used t o  v iew  the  upstream p o r t i o n  o f  t h e  
l i n e r  and i t s  at tachment p iece .  
r o t a t e d  45" from the  l i n e r  windows. 
dows a re  a i r  and water coo led .  Through these windows 
t e l e v i s i o n ,  i n f ra red ,  and h i g h  r e s o l u t i o n  cameras a r e  
used t o  mon i to r  l i n e r  c o n d i t i o n ,  temperature,  and 
de format ion ,  r e s p e c t i v e l y .  
c o n t r o l l e r  i s  used to c o n t r o l  t he  power to the  lamps. 
A s p e c i f i e d  power-time h i s t o r y  i s  programmed i n t o  the  
The s imu la ted  c y c l i c  temperatures and tempera- 
The t e s t  program was a coopera t i ve  e f f o r t  w i t h  
A na tu ra l -gas  and a i r  m i x t u r e  i s  burned i n  a com- 
Coo l i ng  a i r  
The 
Both t h e  c o o l i n g - a i r  
The annu la r  r i g  has s i x  5 - in .  d iameter  q u a r t z  
The o t h e r  th ree ,  a l s o  spaced a t  120" 
These windows a re  
The q u a r t z  win- 
A microprocessor  w i t h  a dua l - loop programmable 
mic roprocessor ,  and the  c o o l i n g  a i r  temperature and 
flow r a t e  a r e  a p p r o p r i a t e l y  s e t  so t h a t  when combined, 
t he  des i red  thermal c y c l e  i s  imposed on a t e s t  l i n e r .  
Thermocouples and an i n f r a r e d  the rmov is ion  system 
a re  used t o  o b t a i n  su r face  temperatures on t h e  t e s t  
l i n e r .  There a r e  p r o v i s i o n s  for  hav ing  a t o t a l  o f  
140 thermocouples on t h e  t e s t  l i n e r .  Both thermocouple 
and thermal image da ta  a re  ob ta ined  on the  coo l  s i d e  o f  
t h e  t e s t  specimen. On ly  thermocouple d a t a  a re  o b t a i n e d  
on the  h o t  s i d e  ( f a c i n g  t h e  q u a r t z  lamps) of the  t e s t  
l i n e r .  The thermocouple d a t a  p r o v i d e  temperatures a t  
d i s c r e t e  p o i n t s ,  w h i l e  the  i n f r a r e d  system p rov ides  
d e t a i l e d  maps o f  coo l - s ide  thermal i n f o r m a t i o n .  
The thermal images ob ta ined  f rom the  i n f r a r e d  
camera a re  s t o r e d  on a VHS tape reco rde r ,  w i t h  t h e  
c l o c k  t ime  superimposed on each image. Images o f  t h e  
t e s t  specimen o f  f rom about 4 t o  about 1 i n .  i n  diame- 
t e r  ( fo r  f i n e r  r e s o l u t i o n  o f  temperatures) can be 
ob ta ined  w i t h  the  zooming c a p a b i l i t y  o f  t h e  i n f r a r e d  
system. T h i r t y  thermal images a r e  captured  on tape 
every  second. A computer system i s  then used t o  proc-  
ess,  reduce, enhance, and ana lyze  the  t r a n s i e n t  tem- 
p e r a t u r e  i n fo rma t ion .  These da ta  a r e  a l s o  compared 
w i t h  t h e  thermocouple da ta .  Thermocouple d a t a  a r e  
used i n  the  c a l i b r a t i o n  o f  t h e  i n f r a r e d  system. 
sures f l o w s ,  power, e t c . )  and t h e  research  da ta  ( p r i -  
m a r i l y  tempera ture)  a r e  acqu i red  f o r  each thermal  
c y c l e  u s i n g  t h e  ESCORT I1 d a t a  a c q u i s i t i o n  system a t  
Lewis.  These da ta  a re  s t o r e d  a u t o m a t i c a l l y  once eve ry  
second on a mainframe computer f o r  l a t e r  r e d u c t i o n  and 
a n a l y s i s .  
Dur ing  a t e s t  r un  bo th  the  f a c i l i t i e s  d a t a  (p res -  
L i n e r  Tests and Resu l t s  
Two combustor l i n e r  segments were t e s t e d  i n  the  
S t r u c t u r a l  Component Response R ig .  F i r s t ,  a conven- 
t i o n a l  l i n e r  o f  sheet metal  seam-welded l o u v e r  con- 
s t r u c t i o n  from Haste l loy -X m a t e r i a l  ( F i g .  25) was 
t e s t e d .  Second, an advanced paneled l i n e r  ( F i g .  25) 
was t e s t e d .  
A l a r g e ,  q u a l i t y  ( thermocouple (96 TC's) and IR) 
temperature database was ob ta ined  on t he  conven t iona l  
l i n e r .  Some t y p i c a l  thermocouple da ta  a re  shown i n  
F i g .  26. The cor respond ing  power h i s t o r y  for  t h e  t h e r -  
mal c y c l e  Is shown i n  F i g .  27. F igu re  26 shows t h e  
t r a n s i e n t  temperature response a t  t h ree  l o c a t i o n s  on 
l ouve r  5. The temperature measurements a re  used i n  
the  hea t  t r a n s f e r l s t r u c t u r a l  a n a l y s i s  of  t h e  l i n e r .  
The l i n e r  was t h e r m a l l y  c y c l e d  for  a lmost  1800 
c y c l e s .  Between 1500 and 1600 cyc les  an a x i a l  c rack  
about 0.2 i n .  i n  l e n g t h  developed i n  the  l i n e r .  Th is  
c rack  occu r red  a t  a h o t  spo t  which developed because 
o f  c l o s u r e  o f  severa l  c o o l i n g  ho les .  There was no 
thermocouple r i g h t  a t  t he  h o t  spo t ,  b u t  sur round ing  
TC's i n d i c a t e d  the  maximum temperature was a t  l e a s t  
937 "C (1720 'F) and cou ld  have been over  976 " C  
(1890 OF). 
A composi te photograph o f  t he  l i n e r  a f t e r  1782 
cyc les  i s  shown i n  F ig .  28. Th is  shows t h a t  most o f  
t h e  d i s t o r t i o n  occu r red  i n  l ouve rs  4 t o  7, p a r t i c u l a r l y  
i n  the  bo t tom (180") and l e f t  (270") v iews. The t o p  
(0")  and r i g h t  (90" )  v iews show l e s s  d i s t o r t i o n .  
because the  d i s t o r t i o n  o f  t he  l ouve rs  became severe 
enough to c o n t a c t  t he  frame o f  one o f  the  q u a r t z  lamp 
banks. Measurements o f  the  c rack  from the  i n i t i a l  
o b s e r v a t i o n  a t  1600 to 1728 cyc les  i n d i c a t e d  2 pe rcen t  
i nc rease  i n  l eng th .  
The d i s t o r t i o n  o f  t he  l ouve rs  i s  t y p i c a l  o f  l i n -  
e r s  r u n  i n  s e r v i c e .  The d i s t o r t i o n  shows some symme- 
t r y  t o  the  hea t  p a t t e r n  o f  t he  lamps i n  t h a t  t h e  peaks 
The t e s t  program was te rm ina ted  a f t e r  1782 cyc les  
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o f  d i s t o r t i o n  are  a t  t he  l o n g i t u d i n a l  cen te r  o f  a lamp 
bank where the  maximum heat  f l u x  occu r red .  I t  should 
be no ted  t h a t  a d i s t o r t i o n  peak was n o t  formed a t  
eve ry  bank o f  lamps. 
S i m i l a r l y ,  a l a r g e  q u a l i t y  da ta  base on the  
advanced combustor l i n e r  i s  be ing  ob ta ined .  Th is  
l i n e r ,  c o n s i s t i n g  o f  smal l  panels and an o u t e r  suppor t  
s h e l l  t o  which the  panels a re  a t tached,  i s  i n s t r u -  
mented w i th  125 thermocouples. 73 on t h e  h o t  s ide  o f  
the  pane ls  and 52 on the  suppor t  s h e l l .  A g r i d  system 
o f  l i n e s  o f  tempera tu re -sens i t i ve  p a i n t s  was a p p l i e d  
t o  o v e r  h a l f  o f  t he  panels i n  t h e  l i n e r  t o  inc rease 
the  a rea  i n  which we cou ld  observe tempera ture  changes. 
An i n f r a r e d  camera system i s  be ing  used t o  o b t a i n  tem-  
p e r a t u r e  maps o f  a p o r t i o n  o f  t he  o u t e r  s h e l l  o f  the  
l i n e r  t h rough  a q u a r t z  v iew ing  window. Over the  same 
f i e l d  o f  v iew, h i g h - r e s o l u t i o n  photographs o f  the  o u t e r  
s h e l l  a r e  a l s o  be ing  taken t o  de termine the  t o t a l  
s t r a i n  d u r i n g  c y c l i n g .  
F i g u r e  29 is r e p r e s e n t a t i v e  o f  t h e  da ta  ob ta ined  
on the  advanced l i n e r .  I t  i s  an i s o m e t r i c  p l o t  o f  
the  thermocouple temperature measurements of the  h o t  
s ide  o f  t h e  l i n e r  panels (wh ich  shows t h e  c y l i n d r i c a l  
l i n e r  as i f  i t  w e r e  c u t  upon and f l a t t e n e d  o u t )  and 
shows a maximum temperature o f  760 "C (1400 O F )  a t  t he  
maximum q u a r t z  lamp power ( c r u i s e  c o n d i t i o n ) .  A s i m i -  
l a r  p l o t  o f  the  o u t e r  s h e l l  shows the  maximum tempera- 
t u r e  to be about 316 "C  (600 O F ) .  These temperatures 
were o b t a i n e d  for  a hea t  f l u x  e q u i v a l e n t  t o  t h a t  
a p p l i e d  to the  convent iona l  l i n e r .  T rans ien t  da ta  a r e  
a l s o  b e i n g  o b t a i n e d .  The thermal p a i n t  d i d  n o t  i n d i -  
ca te  a maximum temperature o f  more than about 649 " C  
(1200 OF). The i n f r a r e d  d a t a  and t h e  h i g h - r e s o l u t i o n  
photographs a re  be ing  reduced and ana lyzed.  
A f t e r  1500 thermal cyc les  the  advanced l i n e r  i s  
o p e r a t i n g  a t  much lower temperatures than the  conven- 
t i o n a l  l i n e r  (about  205 "C  (400 O F )  l ower )  f o r  t he  same 
heat  f l u x .  A t  the  lower  tempera ture  and low thermal 
g r a d i e n t s ,  l i t t l e  d i s t o r t i o n  t o  the  pane ls  has been 
observed. Based on the  t e s t  r e s u l t s  and ana lyses ,  t h e  
o p e r a t i n g  c o n d i t i o n s  a re  n o t  severe enough t o  d i s t o r t  
o r  damage the  advanced l i n e r .  
T h e r m a l / S t r u c t u r a l / L i f e  Analyses o f  the  T e s t  L i n e r s  
The l i n e r  su r face  temDerarure measurements 
o b t a i n e d  from t h e  thermocouples and t h e  i n f r a r e d  t h e r -  
mov is ion  system were used t o  o b t a i n  t h e  f i l m  c o e f f i -  
c i e n t s  on t h e  coo l  and h o t  surfaces. Based on these 
c o e f f i c i e n t s ,  a heat  t r a n s f e r  a n a l y s i s  o f  each l i n e r  
was per fo rmed u s i n g  MARC, a genera l  purpose non l i nea r  
f i n i t e - e l e m e n t  hea t - t rans fe r  and s t r u c t u r a l - a n a l y s i s  
program. 
Eight-node th ree-d imens iona l  s o l i d  elements were 
used to c o n s t r u c t  the  l i n e r  hea t  t r a n s f e r  models. 
The conven t iona l  l i n e r  model had 546 elements and 
1274 nodes, and the  advanced l i n e r  model had 536 e l e -  
ments and 1117 nodes. Comparisons between p r e d i c t e d  
and measured t r a n s i e n t  temperatures showed good 
agreement. 
The tempera ture  (or thermal l oads )  a r e  i n p u t  t o  
the  s t r u c t u r a l  a n a l y s i s  program. The MARC program was 
used t o  pe r fo rm the  s t r u c t u r a l  a n a l y s i s .  The s t r e s s  
models were i d e n t i c a l  t o  t h e  heat  t r a n s f e r  models. 
The Walker and Bodner v i s c o p l a s t i c  models, which 
were desc r ibed  e a r l i e r ,  were used i n  t h e  s t r u c t u r a l  
a n a l y s i s .  
loops shown i n  F i g .  30 f o r  t h ree  l o c a t i o n s  on the  con- 
v e n t i o n a l  l i n e r .  S i m i l a r l y ,  F i g .  31 i s  r e p r e s e n t a t i v e  
o f  a s t r e s s  p l o t  o f  a symmet r i ca l l y  heated pane l .  
Based on the  non l i nea r  s t r u c t u r a l  analyses of t h e  
two l i n e r s ,  i t  was determined t h a t  t he  c r i t i c a l  
s t r e s s - s t r a i n  l o c a t i o n  i n  the  advanced l i n e r  was a t  
Representa t ive  r e s u l t s  a r e  t h e  h y s t e r e s i s  
the  r e t e n t i o n  loop.  For the  convent iona l  l i n e r ,  t he  
c r i t i c a l  l o c a t i o n  was a t  t he  seam weld. 
c r i t i c a l  l o c a t i o n s ,  c y c l i c  l i f e  of  t h e  two l i n e r s  was 
assessed. The r e s u l t s  a re  summarized and compared i n  
Table 11. The es t ima ted  l i f e  of  t h e  conven t iona l  
l i n e r  (400 t o  1000 c y c l e s )  i s  based on l i m i t e d  c y c l i c  
l i f e  da ta .  Tests showed l i n e r  c r a c k i n g  a t  t h e  seam 
weld a f t e r  1500 cyc les .  The advanced l i n e r  w i l l  have 
a much longer  l i f e  than the  convent iona l  l i n e r  because 
i t  has a lower average temperature (about  215 "C 
(440 O F ) )  and no  s t r u c t u r a l  c o n s t r a i n t  i n  t h e  c i rcum- 
f e r e n t i a l  direction. A f t e r  1500 cyc les  t h e  advanced 
l i n e r  shows l i t t l e  d i s t o r t i o n  and no  c rack ing .  The 
p r e d i c t e d  l i f e  i s  g r e a t e r  t han  lo6  cyc les .  
comparisons show the re  i s  good agreement between pre-  
d i c t e d  l i f e  and measured l i f e .  
Based on t h e  s t r e s s - s t r a i n  and tempera ture  a t  t he  
These 
CONCLUSIONS 
The broad scope of s t r u c t u r a l  a n a l y s i s  a c t i v i t i e s  
c a r r i e d  o u t  under the  HOST p r o j e c t ,  by the  combined 
e f f o r t s  of i n d u s t r y ,  government and u n i v e r s i t i e s  has 
r e s u l t e d  i n  numerous s i g n i f i c a n t  accomplishments and, 
i n  some cases, ma jor  b reak throughs i n  t h e  n o n l i n e a r  
th ree-d imens iona l  s t r u c t u r a l  analyses o f  t u r b i n e  
engine h o t  s e c t i o n  components. The major accompl ish- 
ments i n  the  t h r e e  areas o f  techno logy  addressed syn- 
e r g i s t i c a l l y ,  namely, i n e l a s t i c  c o n s t i t u t i v e  model 
development, n o n l i n e a r  three-dimensional  s t r u c t u r a l  
a n a l y s i s  methods and code development, and experimen- 
t a t i o n  t o  c a l i b r a t e  and v a l i d a t e  t h e  codes a re  summa- 
r i z e d  below: 
( 1 )  New types  o f  m u l t i a x i a l  v i s c o p l a s t i c  c o n s t i -  
t u t i v e  models for  h igh- tempera ture  i s o t r o p i c  and a n i -  
s o t r o p i c  ( s i n g l e  c r y s t a l )  supera l l oys ,  and metal  
m a t r i x  composi tes have been developed, c a l i b r a t e d ,  and 
v a l i d a t e d .  
( 2 )  New and improved n o n l i n e a r  s t r u c t u r a l  ana ly -  
s i s  methods and codes, in which the  v i s c o p l a s t i c  con- 
s t i  t u t i v e  models were i n c o r p o r a t e d  have been developed 
and, t o  some e x t e n t ,  v a l i d a t e d .  
(3 )  Ex tens i ve  q u a l i t y  databases, i n c l u d i n g  un iax-  
i a l  and m u l t i a x i a l  thermomechanical da ta ,  were gener- 
a ted  f o r  R e d  N4, RenC 80, Has te l loy -X,  MAR M247, 
B-l900+Hf. PWA1480 and Haynes 188 m a t e r i a l s  f o r  t he  
purpose o f  c a l i b r a t i n g  and v a l i d a t i n g  the  c o n s t i t u t i v e  
models. 
(4 )  Ex tens ive  q u a l i t y  databases have been gener- 
a t e d  f o r  convent iona l  and advanced combustor l i n e r  
segments and compared w i t h  d e t a i l e d  t h e r m a l / s t r u c t u r a l  
ana lyses  o f  these l i n e r s  u s i n g  many o f  t he  a n a l y t i c a l  
t o o l s  developed under HOST. 
(5 )  Advanced ins t rumenza t ion  t o  measure tempera- 
t u r e ,  d isp lacement  and s t r a i n  have been eva lua ted .  
( 6 )  High temperature l a b o r a t o r i e s  and f a c i l i t i e s  
a t  u n i v e r s i t i e s ,  o t h e r  governmental agencies,  and 
i n d u s t r y  have been mod i f ied  and upgraded, and a t  NASA 
Lewis, a un ique h igh- tempera ture  f a t i g u e  and s t r u c -  
t u r e s  research  l a b o r a t o r y  has been implemented. 
component response research  f a c i l i t y  for  t e s t i n g  
1 arge d iameter  combustor 1 i ner  segments has been 
implemented. 
(7 )  A t  NASA Lewis,  a h igh- tempera ture  s t r u c t u r a l  
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While t h e  s t r u c t u r a l  a n a l y s i s  c a p a b i l i t i e s  and 
accomplishments desc r ibed  i n  t h i s  paper a r e  a good 
beg inn ing ,  t h e r e  i s  much room f o r  improvement. I t  i s  
expected t h a t  these c a p a b i l i t i e s  and f u t u r e  improve- 
ments w i l l  grow r a p i d l y  i n  t h e i r  eng inee r ing  a p p l i c a -  
t i o n s  and have a major  impact  and p a y o f f  i n  t h e  
a n a l y s i s  and des ign  o f  t h e  n e x t  genera t i on  ae ronau t i c  
and aerospace p r o p u l s i o n  systems. 
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TABLE 111. - SUMMARY OF STRUCTURAL-LIFE ANLAYSES OF COMBUSTOR LINERS A T  A CRITICAL LOCATION 
S t r a i n  range, Mean s t r e s s ,  A n a l y t i c a l  Temperature 
range, w p s i  
"-  
met hod 
P r e d i c t e d  l i f e ,  
c y c l e s  
Mechanical 
U n i f i e d  (Walker)  950 t o  1630 5870 31 50 -35 000 400 t o  1000 1 U n i f i e d  (Bodner) 1 950 to 1630 I 5800 1 2700 1 -28 000 I 400 to  1000 I 
I n e l  a s t i  c 
( b )  Segmented l i n e r  
A n a l y t i c a l  
met hod 
U n i f i e d  (Walker)  
U n i f i e d  (Bodner) 
Temperature S t r a i n  range, Mean s t r e s s ,  P r e d i c t e d  l i f e ,  
range, P Ps i  cyc 1 es 
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Mechanical I n e l a s t i c  
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FIGURE 1, - NONLINEAR STRUCTURAL ANALYSIS TECHNOLOGIES AND ACTIVITIES UNDER HOST 
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CMBUSTOR LINER PARMETER LIST 
“E DEFAULT CODE N A E  
y1 x1 0.0 
L1 o1 0.0 
L3 L2 2.0 
L5 
L6 1.0 10 L7 
T i  0.5 12 T2 
L4 6.0 
T3 0.5 14 T4 
02 90.0 18 R1 
R2 1.0 20 R3 
R4 1.5 22 R5 
R6 1.5 
T5 0.5 16 01 
CODE 
1 
3 
5 
7 
9 
11 
13 
15 
17 
19 
21 
23 
DEFAULT 
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2.0 
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0.65 
90.0 
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1.5 
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FIGURE 14. - COMBUSTOR LINER PARAETERS. 
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FIGURE 19. - EASURED 650 OC SURFACES OF CONSTANT INELASTIC STRAIN RATE FOR REFERENCE SClSRs TEST P R W R M .  
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U N I A X I A L  TEST SYSTEM 
U N I A X I A L  LONGITUDINAL EXTENSOMETER I N  TEST SETUP 
FIGURE 20. - U N I A X I A L  TEST SYSTEM. 
COMMERCIALLY AVAILABLE B I A X I A L  EXTENSOMETER 
B I A X I A L  MATERIAL TEST SYSTEM 
FIGURE 21. - B I A X I A L  MATERIAL TEST SYSTEM. 
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INELASTIC STRAIN, p €  KCHANICAL STRAIN, UE CYCLE 5000 
FIGURE 2 2 .  - COMPARISON OF MATERIAL RESPONSE DETERNINED UNDER ISOTHERMAL AND THERMO- 
ECHANICAL CYCLIC LOADING. 
78 
9 
a 
5 
L 
ORBGlMAB PAGE BS 
OF POeR QUALITY 
- 
CYCLE 
n r  
- I  
0 2  
- A 3  
0 4  
0 5  
- 
- 0 
0 
0 
0 
0 0 0  A .  v 
- 0  
0 ' e' 1 K S I  = 6.9 MPA 
0 
0 e 
I 
100 200 300 400 500 
ECHANICAL STRAIM, CIE 
FIGURE 23. - CREEP RATCHETTING RESULTING FROM THERRORECHANICAL CYCLING 
FOR 6.17 KSI MEAN STRESS. 
FIGURE 24. - STRUCTURAL COMPONENT RESPONSE R I G .  
FIGURE 
ADVANCED (SEGMENTED) 
25. - CONVENTIONAL AND SEGMENTED COMBUSTOR LINERS INSTRUMENTED FOR TESl -1NG. 
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FIGURE 26. - CYCLIC SURFACE LINER TEWERATURES AT THREE 
LOCATIONS ON LOUVER 5. 
COOLANT FLOW RATE, 5.5/SEC: COOLANT FLOW TEMPERATURE, 315 OC (600 OF) 
I r THERMAL CYCLE 
T I E Z .  SEC 
FIGURE 27. - POWER HISTORY FOR THERMAL CYCLE. 
FIGURE 28. - COMPOSITE PHOTOGRAPH OF HOT S I D E  CONVENTIONAL LINER DISTORTION AFTER 1782 THERMAL CYCLES. 
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FIGURE 29. - I S O r r T R I C  PLOT OF TEPPERATURE ON I N S I D E  OF SEGFTNTED COWBUSTOR L I N E R .  
V ISCOPLASTIC CONSTITUTIVE MODEL: WALKER TMORY (3RD CYCLE) 
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FIGURE 31. - ADVANCED COMBUSTOR LINER STRESS D I S T R I B U T I O N  ON S Y M E T R I  
PANEL AT AN 8 3  PERCENT POWER LEVEL (X-DIRECTION) .  
n 
ICAL 
82 
